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ABSTRACT
We present results from a survey of the internal kinematics of 49 star-forming galaxies at z ∼ 2 in
the CANDELS fields with the Keck/MOSFIRE spectrograph (SIGMA, Survey in the near-Infrared of
Galaxies with Multiple position Angles). Kinematics (rotation velocity Vrot and integrated gas velocity
dispersion σg) are measured from nebular emission lines which trace the hot ionized gas surrounding
star-forming regions. We find that by z ∼ 2, massive star-forming galaxies (log M∗/M & 10.2)
have assembled primitive disks: their kinematics are dominated by rotation, they are consistent
with a marginally stable disk model, and they form a Tully-Fisher relation. These massive galaxies
have values of Vrot/σg which are factors of 2–5 lower than local well-ordered galaxies at similar
masses. Such results are consistent with findings by other studies. We find that low mass galaxies
(log M∗/M . 10.2) at this epoch are still in the early stages of disk assembly: their kinematics are
often supported by gas velocity dispersion and they fall from the Tully-Fisher relation to significantly
low values of Vrot. This “kinematic downsizing” implies that the process(es) responsible for disrupting
disks at z ∼ 2 have a stronger effect and/or are more active in low mass systems. In conclusion, we
find that the period of rapid stellar mass growth at z ∼ 2 is coincident with the nascent assembly of
low mass disks and the assembly and settling of high mass disks.
Subject headings: galaxies: evolution - galaxies: formation -galaxies: fundamental parameters - galax-
ies: kinematics and dynamics
1. INTRODUCTION
The cosmic star-formation rate peaks between z = 1.5
and z = 2.5 (Madau & Dickinson 2014) and marks a crit-
ical period for galaxy assembly. In the classic model of
galaxy formation, collisional baryons cool and dissipate
into the center of dark matter halos while conserving pri-
mordial angular momentum, leading to the formation of
a thin rotating disk galaxy (Fall & Efstathiou 1980; Mo,
Mao & White 1998). Although this gas is expected to
collapse to a disk in a few crossing times, external pro-
cesses can disrupt or destroy disks on timescales shorter
than the rotational period. In an emerging new picture,
clumpy and smooth accretion from the cosmic web can
efficiently carry external angular momentum inside the
halo viral radius and directly onto the central galaxy
(Brooks et al. 2009; Kimm et al. 2011; Stewart et al.
2013; Danovich et al. 2015), disrupting the velocity field
(Aumer et al. 2010; Elmegreen & Burkert 2010; Genel
et al. 2012; Zolotov et al. 2015). Additionally, ordered
disks can be disturbed or destroyed through major merg-
ers (Barnes & Hernquist 1996; Hopkins et al. 2009; Cov-
ington et al. 2010), violent disk instabilities (Dekel et al.
2009; Inoue et al. 2016) and stellar feedback (Mac Low
& Ferrara 1999; Lehnert et al. 2009; Wheeler et al. 2015;
Agertz & Kravtsov 2015).
These processes are prominent at z ∼ 2, coincident
with the assembly of stellar mass in galaxies and may
play a stronger role in the shallow potential wells that
host low mass galaxies. In general, the formation and
development of a galaxy depends strongly on its mass.
Massive galaxies tend to assemble their stellar mass first
(“downsizing”, e.g., Cowie et al. 1996; Brinchmann &
Ellis 2000; Juneau et al. 2005) and develop disks ear-
lier (e.g., Kassin et al. 2012; van der Wel et al. 2014b).
In contrast, low mass (log M∗/M . 10) galaxies tend
to exhibit more disturbed and irregular morphologies at
both low and high redshift (e.g., Mortlock et al. 2013;
Simons et al. 2015), indicating that they lack mature
structure. Recent evidence from imaging suggests that
a significant fraction of low mass galaxies at z > 1.5 ap-
pear to have elongated stellar distributions (van der Wel
et al. 2014b). A similar phenomenon has been seen in
hydrodynamic simulations of galaxy formation (Ceverino
et al. 2015; Tomassetti et al. 2016) which indicate that
oblate (stellar) disks form at late times (z . 2), when
the central potential becomes baryon-dominated. The
star-forming gas in these simulated galaxies starts off in
a highly perturbed and triaxial state, eventually collaps-
ing to form thick oblate disks (Mandelker et al. 2015;
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Tomassetti et al. 2016).
From z ∼ 1.2 to now, star-forming systems appear
to have evolved through kinematic downsizing in a pro-
cess known as “disk settling” (Kassin et al. 2012). In
this picture, galaxies hierarchically settle from turbu-
lent systems with high dispersion to regularly rotating
disks, with more massive galaxies forming disks earlier.
Locally: the majority of high mass galaxies are ordered
rotating disks, with kinematically disordered galaxies ap-
pearing only below a stellar mass of log M∗/M < 9.5
(Simons et al. 2015). However, it is unclear whether the
kinematic downsizing picture extends beyond z ∼ 1.2
and into the peak of cosmic star-formation.
With recent advancements in near infrared detectors
and instrumental multiplexing capabilities, space and
ground based instruments have provided a wealth of
knowledge regarding the physical properties of galaxies
during this period, the cosmic noon. Ground based kine-
matic data for high redshift (z & 1) galaxies is rapidly
growing, as reviewed in Glazebrook 2013, with several re-
cent and ongoing surveys: e.g., SINS (Fo¨rster Schreiber
et al. 2009), WiggleZ (Wisnioski et al. 2011), MAS-
SIV (Contini et al. 2012), MOSDEF (Kriek et al. 2015),
KMOS3D (Wisnioski et al. 2015) and KROSS (Stott et
al. 2016).
Emerging from these surveys is the general picture that
star-forming galaxies at z ∼ 2 are unlike the thin disk
galaxies that make up the massive end up the local Hub-
ble sequence. High redshift galaxies tend to be thick
and gas-rich with velocity dispersions that are factors of
a few higher than local thin disks. The typical velocity
dispersion tends to increase with increasing redshift (e.g.,
Puech et al. 2008; Kassin et al. 2012) and may reflect a
similar rise in gas fractions (Wisnioski et al. 2015). Even
still, rotational support appears to be relatively common
in the more massive galaxies (M∗/M & 10) at z ∼ 2,
with ∼ 75% of the population exhibiting rotational mo-
tions comparable to or greater than their velocity disper-
sion (Wisnioski et al. 2015).
Only very recently, kinematic data for low mass galax-
ies (log M∗/M . 10) at high redshift is becoming avail-
able in gravitationally lensed systems (e.g., Jones et al.
2010; Livermore et al. 2015) and in larger numbers in
the ongoing surveys with multi-object single slits (MOS-
DEF; Price et al. 2016) and integral field spectrographs
(KMOS-3D; Wisnioski et al. 2015). While the imaging
data at this epoch indicates that massive galaxies tend
to be disk-like and the low mass galaxies tend to be irreg-
ular, similar conclusions have not yet been drawn from
kinematic measurements, and it is unclear whether kine-
matic downsizing is in effect at z ∼ 2.
In this paper we aim to take advantage of the
multiplexing capabilities and the high sensitivity of
Keck/MOSFIRE multi-object near-infrared spectro-
graph (McLean et al. 2012) as well as the high resolution
and sensitivity of Hubble Space Telescope (HST)/WFC3
H-band imaging to explore the kinematic state of star-
forming galaxies at z ∼ 2. This survey is named SIGMA,
Survey in the near-Infrared of Galaxies with Multiple
Angles. The sample is morphologically diverse and is
selected along the star-formation main sequence in two
redshift bins from 1.3 < z < 1.8 and 2.0 < z < 2.5.
In §2 we discuss the observations and sample selection.
In §3 we describe measurements of the galaxy physical
properties from multi-wavelength imaging. In §4 we de-
tail the measurements of the gas-phase kinematics of our
sample, and discuss multi-PA observations. In §5 we
present the z ∼ 2 Tully-Fisher relation. In §6 we examine
trends between the kinematics and physical properties,
and in §7 we present a comparison of our galaxies with
a model for marginally stable gas-rich disks. In §8 we
present our conclusions and in the appendix we present
simulations to determine the effects of spatial resolution
on the measurement of kinematics. We adopt a ΛCDM
cosmology defined with (h, Ωm, ΩΛ) = (0.7, 0.3, 0.7).
2. OBSERVATIONS AND SAMPLE SELECTION
The SIGMA sample is drawn from three of the fields
(GOODS-S, GOODS-N and UDS) of the HST/WFC3
CANDELS survey (Grogin et al. 2011; Koekemoer et al.
2011). All of the spectra in GOODS-N were taken as
a part of the TKRS-2 survey (Wirth et al. 2015) and a
subset of the spectra in GOODS-S and UDS have been
presented in previous papers (Trump et al. 2013; Barro
et al. 2014). The SIGMA galaxy sample is shown in a
star formation rate - stellar mass (SFR - M∗) diagram in
Figure 1.
This sample is a part of the well studied GOODS-
N, GOODS-S, and UDS extragalactic fields, and so ex-
tensive multi-wavelength imaging is available for all of
the galaxies in this sample. Galaxies in SIGMA are
selected from the CANDELS WFC3/F160W catalogs
(Galametz et al. 2013; Guo et al. 2013) as follows. Se-
lection priority was given to galaxies with spectroscopic
redshifts from HST/WFC3 grism observations (Morris et
al. 2015), taken as a part of the 3D-HST (Brammer et
al. 2012; Momcheva et al. 2015, PI Van Dokkum) and
AGHAST (PI Weiner) surveys. The majority of the
TKRS-2 galaxies were selected on previous spectroscopi-
cally confirmed redshifts. Photometric redshifts were de-
rived from the broadband SEDs with EAzy (Brammer et
al. 2008; Dahlen et al. 2013) and were used to select the
remaining galaxies in our sample. Star-forming galaxies
were selected down to a SFR of ∼3 M yr−1 at z ∼ 1.5
and ∼10 M yr−1 at z ∼ 2.2. There is no selection cut on
morphology. As such, both regular and irregular galax-
ies are included in the sample. There is a priority weight
on galaxy size, half-light V-band diameters of > 0.5′′,
in order to select galaxies with emission extents that are
larger than the typical seeing.
The full SIGMA sample for which we have significant
detections (S/N > 3) in Hα and/or [O iii]λ5007 contains
97 galaxies. A portion of these were observed at multiple
slit position angles (PA): 23 with 2 PAs and 11 with
3+ PAs. We select galaxies with at least one kinematic
measurement coincident with the photometric major axis
(within 45◦), removing 35 of the 97 galaxies. We make a
further cut on emission line extent for each spectrum of
each galaxy, as described in §3.3 and the Appendix, such
that the effective radius of the emission extent is at least
0.8 times the size of the seeing FWHM. This selection is
shown in Figure 2 and removes an additional 9 galaxies
from the sample. An additional 4 galaxies are removed
due to the presence of a strong overlapping skyline.
The final sample used in this paper contains 49 galax-
ies, 28 in the redshift range 1.3 < z < 1.8 and 21 at 2.0 <
z < 2.5. The properties of the full sample are presented
in Table 1 of the Appendix.
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Fig. 1.— Galaxies in SIGMA (large filled points) lie along
the star-formation main sequence down to a stellar mass of
logM∗/M = 9.2 at z ∼ 1.5 and logM∗/M = 9.6 at z ∼ 2.3.
The grey dots represent galaxies drawn from the H-band selected
GOODS-S CANDELS catalog in the same redshift range. A small
amount of noise (0.05 dex) was added to the grey points to remove
striations due to the discreet grid structure searched by the model
fits to M∗ and star-formation rate (SFR). In the bottom panel,
we compare the mass range of our sample, indicated by the red
and blue arrows, with the blue galaxy stellar mass functions at the
same redshifts, taken from Mortlock et al. (2015).
2.1. NIR Spectra
The strong optical nebular emission lines (e.g., Hα,
[O iii]λ5007) from which we measure kinematics shift into
the near infrared (NIR) at z > 1.3. The multi-object
spectrograph, MOSFIRE (McLean et al. 2012) on Keck-
I, is one of the premiere instruments to study spectral
features in the NIR. The spectra in this sample were
taken in the H-band (1.46-1.81 µm) and K-band (1.93-
2.45 µm). Hα can be detected in the H-band from 1.3 <
z < 1.8 and in the K-band from 2.1 < z < 2.8 . Addi-
tionally, [O iii]λ5007 falls in the H-band from 2.0 < z <
2.8.
The MOSFIRE slit width was set to 0.7′′ and the in-
strumental spectral resolution is R∼ 3630 in both bands
(σinst,HK = 35 km s
−1). The masks were dithered
along the slit between symmetric sky positions around
the initial pointing to facilitate sky and instrument noise
subtraction. The on-source exposure times were be-
tween 90 and 120 minutes with individual exposure times
of 120 seconds. The 2D spectra were sky-subtracted,
wavelength-calibrated and rectified using the MOSFIRE-
DRP reduction pipeline1. Spectroscopic redshifts were
determined via Specpro (Masters & Capak 2011).
Observations were taken in natural seeing conditions
and the size of the seeing is estimated from unresolved
calibration stars, where available, and marginally re-
solved compact “blue nugget” galaxies (Barro et al. 2014)
that were observed on the same mask as the galaxies in
our sample. The NIR seeing ranged between 0.45 and
0.85′′. Example cutouts of the 2D spectra around the
Hα emission line are shown in Figure 3.
3. QUANTITIES MEASURED FROM IMAGING
3.1. Structural Parameters
Throughout this paper we use two structural parame-
ters measured from the HST/WFC3 images, namely the
photometric position angle (PA, i.e., the direction of the
photometric major axis) and the photometric axis ratio
(b/a). For a well-behaved disk galaxy, the photometric
PA will align with the kinematic PA (the direction of the
largest velocity gradient) and the axis ratio can be used
to correct the derived rotation velocity for the inclina-
tion of the galaxy to the line of sight. The photometric
PA and axis ratio were measured with GALFIT (Peng et
al. 2010) by van der Wel et al. (2012) on the H-band
(F160W), J-band (F125W) and Y-band (F105W) for all
of the H-Band selected CANDELS galaxies in our fields.
We refer to these papers for measurement details. For
this paper, we adopt the H-band measurements (rest I
at z ∼ 1.5, rest V at z ∼ 2.5).
3.2. Stellar Masses and Star-Formation Rates
The available broadband measurements span from the
UV to the NIR with ancillary Spitzer/MIPS 24/70µm
photometry and Herschel far-IR photometry from the
GOODS-Herschel (Elbaz et al. 2011) and PACS Evolu-
tionary Probe (Magnelli et al. 2013) surveys.
As described in Barro et al. (2014), integrated stel-
lar masses (M∗) were derived from the broadband SED
of each galaxy using the FAST fitting code (Kriek et
al. 2009) assuming a Chabrier (2003) initial mass func-
tion, Bruzual & Charlot (2003) stellar population syn-
thesis models and a Calzetti et al. (2000) extinction
law. The errors on the stellar masses are ∼ 0.3 dex
(Mobasher et al. 2015). Dust-corrected star-formation
rates were derived following the SFR-ladder (Wuyts et
al. 2011). For galaxies with Spitzer and Herschel far-
IR detections, the SFR is calculated from both the ob-
scured (IR) and unobscured (UV) components (following
Kennicutt 1998). For non-detections in the mid-far IR,
the star-formation rates are derived from the UV and
are extinction-corrected following the best fit attenuation
from the SED modeling. In Figure 1 we show the star-
formation rate vs stellar mass diagrams for our sample,
the “star-formation main sequence” (e.g. Noeske et al.
2007). Galaxies drawn from the full CANDELS catalog
1 http://www2.keck.hawaii.edu/inst/mosfire/drp.html
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Fig. 2.— Spatially resolved observations are identified from the
intrinsic extents of their emission lines. We plot the intrinsic half-
light diameter (D50) of the emission versus the continuum for each
slit on every galaxy used in this paper. Resolved observations are
marked with red filled circles and the discarded unresolved obser-
vations are marked as black x’s. The range of seeing conditions
during the observations is shown as a grey shaded swath. Emis-
sion line sizes are seeing corrected from the MOSFIRE 1D emission
profile. Continuum sizes are measured from Sersic fits to the H-
band Hubble images. As shown in the Appendix, kinematic struc-
ture can be resolved down to a limiting resolution of D50 = 0.8×
SeeingFWHM , where D50 is the 1D seeing-corrected emission line
size.
in GOODS-S are shown by black dots in the background.
Our sample is generally representative of the SF main se-
quence down to a stellar mass log M∗/M = 9.2 in the
1.3 < z < 1.8 redshift bin and 9.6 in the 1.8 < z < 2.8
bin. We make a comparison with the blue galaxy stellar
mass functions at 1.5 < z < 2.0 and 2.0 < z < 2.5 (Mort-
lock et al. 2015) and note that our sample spans close to
the knee of the Schechter function, M∗ ∼ 1011M, in
both redshift intervals.
3.3. Continuum and Emission Sizes
One of the main challenges to measuring rotation with
ground based data comes from the effects of beam smear-
ing (Begeman 1987). Seeing smooths out velocity gradi-
ents and artificially boosts the velocity dispersion in the
central parts of rotating galaxies. This effect can gen-
erally be modeled, except in the cases where the emis-
sion extent is comparable to or smaller than the see-
ing. Galaxies with small emission extents can appear
dispersion-dominated in seeing-limited data but reveal
rotation at higher resolution (Newman et al. 2013).
In order to examine the effects of beam-smearing
on our data, we produce a suite of simulated MOS-
FIRE/SIGMA spectra in the Appendix. We conclude
that, for the typical signal to noise of the spectra in our
sample, we can reliably recover intrinsic kinematics (Vrot,
σg) down to D50 ≈ 0.8 × SeeingFWHM , where D50 is the
1D half-light diameter measured from the emission lines
and SeeingFWHM is the full width at half maximum of
the seeing.
We make size selections using the emission rather than
the continuum for a couple of reasons. First, the 2D half-
light radii of the emission typically extend beyond the
continua (Nelson et al. 2015). Secondly, seeing tends to
blur emission that is not coincident with the slit place-
ment into the slit (Weiner et al. 2006a). As such, an
emission size determined from a projection of the slit
onto the HST image may underestimate the extent of
the emission measured with the slit. By measuring sizes
directly from the seeing-corrected emission lines, we by-
pass both of these uncertainties.
In Figure 2 we show the half-light diameter sizes, in
both emission and continuum, for the galaxies in our
sample. For each slit, the emission line size is measured
directly from the spectrally-collapsed emission line. Due
to the convolution of the intrinsic profile with the seeing,
the spatial profiles of the spectrally-collapsed emission
lines are generally well described by a 1D Gaussian. The
seeing is subtracted from the observed profile in quadra-
ture (σem,intrinsic =
√
σ2em,observed − σ2seeing) and the
half-light size is measured from the recovered intrinsic
profile.
Continuum radii are measured from the HST/WFC3
H-Band image using the GALFIT software package in van
der Wel et al. (2012). For the galaxies in our sample, the
half-light radii of the intrinsic emission profiles tend to
be slightly larger than the continuum sizes. This could
be the case for two reasons. First, the half-light radius
that is measured by GALFIT is a 2D quantity measured on
concentric ellipses while the emission size is being mea-
sured directly from the 1D emission lines, an along-the-
slit measurement. Since the 1D measurement essentially
integrates the light across the slit, these two sizes will
not directly scale to one another in general. The differ-
ence may also be physical, in the sense that the emission
profile can extend beyond that of the continuum (Nelson
et al. 2015).
4. KINEMATICS MEASURED FROM EMISSION LINES
Kinematics are measured from strong nebular emission
lines (Hα, [O iii]λ5007]) in the spectra. These lines gen-
erally trace the hot (T∼ 104 K) ionized gas in HII regions
surrounding ongoing star-formation. The kinematics are
measured using the code ROTCURVE (Weiner et al. 2006a).
The instrumental resolution of our spectra (R∼ 3630) al-
low us to measure the velocity dispersion down to ∼ 20
km s−1 and the rotation velocity uncorrected for inclina-
tion (Vrot × sin i) to ∼ 15 km s−1.
The kinematic modeling performed by ROTCURVE has
been described in detail in previous papers, so we will
briefly outline it here and refer to Weiner et al. (2006a)
for further details. ROTCURVE models the spatial profile of
the emission line as a 1D Gaussian. In each row along the
slit, we recover a velocity and velocity dispersion using
an uncertainty-weighted least squares fit to a 1D Gaus-
sian. Nearby, but not overlapping, skylines are manually
masked to prevent noise peaks from driving the fit. The
velocity structure of the line is modeled with two com-
ponents: a rotation curve and a dispersion term. Due
to our limited spatial resolution, the velocity dispersion
is kept constant with radius in the model. The rotation
velocity is modeled with an arctan function:
Vx = V
2
pi
arctan(x/rv) (1)
where rv is the knee radius for the turnover of the rota-
tion curve and V is the velocity of the flat part of the
rotation curve. We note that the flat part of the rotation
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Fig. 3.— Example single slit observations are presented for three SIGMA galaxies (ID: 16600, 16209, 14602). These galaxies span the
kinematic types in our sample: a rotation dominated galaxy (left column), a galaxy with equal contributions of rotation and dispersion
(middle column), and a dispersion dominated galaxy (right column). In the top two rows we show the I+H-band HST/ACS-WFC3 color
images with the MOSFIRE slit placement and the 2-D spectra centered around the Hα line. Strong NIR atmospheric lines are present in
the middle and right columns. In the bottom two rows we show the kinematic model fits to the emission lines. The black filled diamonds
represent the gaussian fits to the velocity and velocity dispersion in each row of each spectrum. The grey points are poor fits and are
discarded. The best-fit models are shown as red solid lines and the intrinsic (pre-seeing blurred) models are shown as blue dashed lines.
All of the rows are spatially aligned and each panel is 4.5′′ on a side. Kinematic fits for all of the SIGMA galaxies are available in the
Appendix.
curve is not reached in a fraction of our galaxy sample
(see Appendix) and in these cases V is driven by the
scale of the velocity difference reached by the data and
the modeled turnover radius. Due to the seeing blur, rv
is not well constrained and so we fix the turnover radius
in the model at a fiducial value of 0.2′′ (1.7 kpc at z ∼ 2)
and adjust to 0.3′′ or 0.4′′ for galaxies that are not well
fit initially. The turnover radius and the rotation veloc-
ity are moderately covariant with a ± 0.1′′change in rv
resulting in a ± 0.1 dex change in V . The model parame-
ters of V and σg are explored on a grid of 5 km s
−1. The
modeled emission line is then spatially convolved with a
fixed seeing kernel (0.6′′ FWHM), which is the typical
seeing of our observations in the NIR. The best fit model
is determined through a χ2 minimization with the data
over this grid.
The velocity dispersion term that we measure (σg) is
unlike a pressure supported stellar velocity dispersion.
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Fig. 4.— Hubble images and reconstructions of 2D kinematic fields from multi-slit observations are shown for two SIGMA galaxies (ID:
26736, 21162). In the first two columns we show the the HST/ACS optical (rest UV) and the HST/WFC3 near-IR (rest optical) color
images, respectively. In the third and fourth columns, we show the co-added velocity (V × sin i) and velocity dispersion maps, respectively.
The top row shows a regularly rotating disk galaxy: the velocity field has a smooth rotation gradient with a centrally peaked velocity
dispersion, both kinematic signatures of a rotating disk. The bottom row shows a dispersion dominated galaxy with complex morphology
and kinematics: it exhibits velocity gradients in orthogonal slits. Each slit pixel is 0.18′′ and the slits are 0.7′′ wide. The typical seeing in
the H-band is 0.6′′, as shown by the white circles on the velocity maps.
The hot gas which σg is tracing can collisionally radiate
and so a high dispersion system cannot remain in equi-
librium after a crossing time. Due to the seeing blur, the
velocity dispersion is a measure of the small scale velocity
gradients below the seeing limit. The velocity dispersion
measured from nebular emission lines will be a combina-
tion of: (i.) thermal broadening of the gas (∼10 km s−1
for H at 104 K), (ii.) internal turbulence in HII regions
(∼ 20 km s−1 for local HII regions; Shields 1990), (iii.)
relative motions between HII regions.
The inclination is measured as cos2 i = ((a/b)2 −
α2)/(1 − α2), where α is the correction for the thick-
ness of the disk (α = 0.2) and b/a is the axis ratio of
the galaxy, measured from the HST H-band image. The
rotation velocity is then corrected as Vrot = V/ sin i.
As indicated by Hung et al. (2015, 2016), distinguish-
ing late-stage mergers and rotating disks is difficult in
low resolution kinematics observations. At high red-
shift, where galaxy mergers are expected to be common
(Rodriguez-Gomez et al. 2015), disk classifications made
from kinematic signatures alone may be biased high. In
2 galaxies in our sample (ID: 21897 and 4476) we identify
an interacting neighbor in both the HST image (< 1′′)
and the MOSFIRE spectrum (< 100 km s−1). We mask
the emission line of the neighboring source in both of
these cases. We note that late-stage interactions, for
which two galaxies are identified as a single source, may
be included in this sample. A joint analysis of the HST
imaging and the kinematic data is necessary to disentan-
gle disks from late-stage mergers in our sample. For all
subsequent analyses, we interpret the measured velocity
gradient of each galaxy as rotation.
In Figure 3, we show example kinematic fits for three
galaxies in our sample: a strongly rotating galaxy, a
galaxy with comparable velocity and velocity dispersion,
and a dispersion dominated galaxy. Even in the disper-
sion dominated case, we note the presence of a velocity
gradient, although it is small compared to the observed
dispersion. The rotationally supported system is a well-
ordered disk galaxy, similar to disk galaxies today, with
the presence of spiral structure and a bar in the HST im-
age. In its spectrum, we find a strong rotation signature
(∼ 175 km s−1) and a mild velocity dispersion (∼ 35 km
s−1).
Beam smearing tends to blur together spatially sepa-
rate regions of emission, leading to a flattening of nearby
velocity gradients and an elevation in the local veloc-
ity dispersion. In the observed line, this effect leads to a
classic peak in the velocity dispersion at the center of the
galaxy, where the velocity gradient is the steepest. This
can be seen in the example kinematic fits in Figure 3,
particularly for the strongly rotating galaxy. ROTCURVE
models the seeing and accounts for this artificial beam
smearing when constructing its model.
The best-fit kinematic parameters of the full sample
are presented in Table 2 of the Appendix.
4.1. Multiple Position Angle Observations
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Single-slit spectroscopy is a reliable method for recov-
ering rotation velocity and velocity dispersion in obser-
vations where the position angle of the slit is aligned with
the kinematic major axis of the galaxy. In ordered disk
galaxies, the kinematic and photometric major axes are
aligned and so the HST/WFC3 image can be used to
determine the kinematic major axis. However, the mor-
phologies of high redshift star-forming galaxies can be
more severely disturbed than local or low redshift sam-
ples (e.g., Mortlock et al. 2013), implying that the photo-
metric and kinematic major axes might be misaligned. In
a sample that combines galaxies at both z ∼ 1 and z ∼ 2,
Wisnioski et al. (2015) report that kinematic and photo-
metric axes are at least moderately misaligned (> 15◦)
in ∼40% of galaxies and are largely misaligned (> 30◦)
in ∼20%. This fraction declines to < 10% in local galax-
ies (Barrera-Ballesteros et al. 2015).
For seeing-limited observations of high redshift galax-
ies, slit placement is much less stringent than for local
galaxies or for higher resolution observations. To recover
rotation, the alignment between the slit and the kine-
matic major axis should be within 45◦ (see Figure 13 of
Weiner et al. 2006a).
A total of 26 galaxies in SIGMA have observations at
multiple position angles (PAslit, see Figure 4). Due to
the non-uniform coverage of our maps, we do not simul-
taneously model all of the observed slits on a galaxy.
Instead we examine the kinematic measurements along
each slit separately and adopt measurements for the
slit with the highest rotational signature. We require
that every galaxy in SIGMA have at least one slit that
is aligned within 45◦ of the photometric major axis
(PAphot). This requirement ensures that rotation will
be recovered in disk galaxies, where the photometric and
kinematic axes are aligned. Of the 26 galaxies with kine-
matic measurements at more than one PA, 17 have at
least one slit aligned and one slit misaligned with PAphot.
Of these systems, we find the largest velocity gradient in
a misaligned slit in 23% of the cases (4 galaxies) and in an
aligned slit in 77% of the cases (13 galaxies). This result
is consistent with Wisnioski et al. (2015). The 4 galax-
ies in our sample for which the strongest velocity shear is
found in a misaligned slit all display complex morphology
in both the HST/ACS V-band and HST/WFC3 H-band
images.
For these 4 galaxies, we adopt the line of sight velocity
shear (∆V/2) for our analysis and do not correct the
velocity for inclination. These galaxies are marked in
all of the figures. As shown in an example in Figure 4,
these systems tend to have complex velocity profiles. In
some of these cases, velocity shear is found in the aligned
slit as well, implying that the velocity gradient (either
tracing global rotation or more complex motions) may
lie between both slits.
5. THE TULLY-FISHER RELATION
5.1. Background
The Tully-Fisher relation (TF; Tully & Fisher 1977) is
an empirical scaling relating the dynamics and the lumi-
nosity, or more recently, stellar mass of galaxies. In the
local universe, the relation is relatively tight for massive
disk galaxies (e.g., Verheijen 2001; Bell & de Jong 2001;
Pizagno et al. 2005; Kassin et al. 2006; Courteau et al.
2007; Masters et al. 2008; Reyes et al. 2011) but begins
to show small residuals to low mass for gas-rich galaxies
(McGaugh 2005; Bradford et al. 2016) and large residu-
als to low rotation velocity for irregular low mass galaxies
(log M∗/M . 9.5)(Simons et al. 2015).
Numerous studies have extended the analysis of the TF
relation to both intermediate, 0.1 < z < 1.3 (e.g., Con-
selice et al. 2005; Flores et al. 2006; Weiner et al. 2006b;
Kassin et al. 2007; Puech et al. 2008; Miller et al. 2011;
Torres-Flores et al. 2011; Miller et al. 2011; Kassin et al.
2012; Vergani et al. 2012; Miller et al. 2014; Contini et al.
2015), and high redshift, 1.3 < z < 3.0 (e.g., Cresci et al.
2009; Miller et al. 2012; Swinbank et al. 2012; Livermore
et al. 2015).
Flores et al. (2006) and Weiner et al. (2006a) were the
first to note that intermediate redshift galaxies with per-
turbed/complex kinematics and irregular morphologies
tend to exhibit large scatter from the TF relation, with
subsequent studies confirming such findings (e.g., Kassin
et al. 2007; Torres-Flores et al. 2011; Vergani et al. 2012).
Recent lensing work at high redshift has also found ev-
idence for scatter to low rotation velocity from the TF
relation for a handful of low mass galaxies (Jones et al.
2010; Livermore et al. 2015). However, due to a com-
bination of sensitivity limitations and survey selection,
the low mass regime of the high-redshift TF relation has
not been explored with large numbers of galaxies. We
will now explore the low mass TF relation at z ∼ 2 with
SIGMA galaxies.
5.2. TF Relation for SIGMA
In the top panel of Figure 5 we plot the stellar mass
Tully-Fisher relation for the galaxies in SIGMA. The
points are color coded to indicate the ratio of ordered
(Vrot) to disordered (σg) motions in each galaxy, which
we will refer to as “kinematic order”. Only one PA, the
PA with the strongest velocity gradient, is shown for each
galaxy. As described in §4.1, we do not apply an inclina-
tion correction for the 4 galaxies whose largest velocity
gradients are measured at a ∆ PA > 45◦. A few galaxies
have a best-fit rotation velocity which is below the nom-
inal resolution limit of our spectra, shown by the dashed
line. We set these galaxies at an upper limit of Vrot ×
sin i < 15 km s−1 in subsequent figures.
The most massive galaxies in SIGMA (logM∗/M &
10.2) lie on or above the TF ridge line, which we define
using the local relation from Reyes et al. 2011. These
galaxies exhibit values of Vrot/σg ∼ 2−8, factors of a few
lower than local galaxies at the same mass. We perform
a simple linear regression to the stellar mass TF relation
for these 12 massive (logM∗/M & 10.2) rotationally-
supported galaxies (Vrot/σg > 1). We fix the slope to
the value from local relation and report an offset to lower
M∗ of 0.44± 0.16 dex. If these systems are gas-rich, then
the baryonic (M∗+Mgas) TF relation is the more appli-
cable scaling relation. Although measurements of gas
mass are unavailable for the galaxies in our sample, we
note that an offset in mass of 0.44 dex implies that we
may be missing ∼ 60% of the baryonic mass. This is
consistent with estimates of the molecular gas reservoirs
in massive galaxies at high redshift (e.g., Tacconi et al.
2013). As SIGMA includes both rotationally-supported
and dispersion-dominated galaxies, we make no further
attempt to characterize an evolution in the slope, scat-
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ter or intercept of the stellar mass TF relation for disks,
which would require morphological pruning. At low stel-
lar stellar mass (log M∗/M < 10.2) we find significant
scatter from the ridge line to low rotation velocity. A
large fraction of these galaxies show marginal rotation
support, with values of Vrot/σg . 1.
In the middle panel of Figure 5 we show the veloc-
ity dispersion as a function of stellar mass. As dis-
cussed in §3, the velocity dispersion that we measure
is corrected for seeing and modeled as a constant term
across the galaxy. Due to the finite width of the slit
(0.7′′) and the effects of seeing (∼ 0.6′′), σg is an inte-
gration of small scale velocity gradients, thermal broad-
ening and internal turbulence. The velocity dispersion
is only mildly correlated with stellar mass, with more
massive galaxies displaying marginally higher velocity
dispersions. The mean and rms scatter of σg for the
low mass (9 < log M∗/M < 10) and high mass
(10 < log M∗/M < 11) samples are 57± 19 km s−1
and 64± 29 km s−1, respectively. The galaxies which
fall from the TF ridgeline to low Vrot display character-
istically higher σg at fixed stellar mass. In other words,
the lower Vrot/σg in these galaxies is due to both lower
rotation velocity and higher velocity dispersion.
Star-forming galaxies at z ∼ 2 tend to have much
stronger kinematic contributions from σg than their local
counterparts. For the bulk of our sample there appears
to be a floor in velocity dispersion of σg = 30 km s
−1.
This floor is slightly higher than the typical gas velocity
dispersion in local disk galaxies, ∼ 25 km s−1 (Epinat et
al. 2010), and higher than the spectral resolution limit
of our observations, ∼ 20 km s−1.
To combine the quantities Vrot and σg into a more
fundamental quantity, many authors (e.g., Weiner et al.
2006b; Kassin et al. 2007; Vergani et al. 2012) adopt a
joint kinematic parameter, SK =
√
K V 2rot + σ
2
g (Weiner
et al. 2006b). A common choice is made for K = 0.5,
motivated by virial arguments for a spherically symmet-
ric tracer distribution (see Weiner et al. 2006a). The
S0.5 quantity more reliably traces the overall potential
of a galaxy system, independent of morphology, recent
disturbance or kinematic state (Kassin et al. 2007; Cov-
ington et al. 2010). In the bottom panel of Figure 5
we show the M∗ − S0.5 relation for our sample, which
re-establishes the TF relation for all galaxies. This has
been found previously at z ∼ 2 (Cresci et al. 2009; Price
et al. 2016). We note that our low mass galaxies are
relatively consistent with the z ∼ 0.2 relation found by
Kassin et al. (2007), while the high mass galaxies tend to
be offset to higher S0.5. Price et al. (2016) report a sim-
ilar offset in the z ∼ 2 S0.5 relation over their full mass
range (9 . log M∗/M . 11). Rodriguez-Puebla et al.
(2016) have argued that it is necessary for the M∗−S0.5
to evolve to higher S0.5 at fixed mass in order to correctly
predict the cosmic stellar mass density. As discussed be-
fore, this offset might reflect a rise in Mgas/Mbaryon at
higher redshift.
We perform a least-squares linear fit to the S0.5 TF
relation, log S0.5 (km s
−1) = α (logM∗/M − 10) + β,
for the full sample. We report coefficients of α = 0.25 ±
0.06 and β = 2.00 ± 0.03 with an rms scatter σrms =
0.19. Even with the apparent dichotomy between the
Fig. 5.— Top: The Tully-Fisher (TF) relation for SIGMA shows
significant scatter to low Vrot from the local TF ridge line, defined
by Reyes et al. 2011. The largest scatter is found at low stellar
mass (log M∗/M . 10.2). Middle: The relation between inte-
grated gas velocity dispersion (σg) and M∗ is shown. The slowly
rotating galaxies that fall from the TF relation have elevated veloc-
ity dispersions. Bottom: The S0.5 TF relation is shown along with
the fit and scatter from the z ∼ 0.2 DEEP2 sample (Kassin et al.
2007) and the local Faber-Jackson relation, defined by Gallazzi et
al. 2006. The handful of galaxies in which the largest velocity gra-
dient was measured in an off-axis slit are not inclination corrected
and are shown as open circles. The resolution limits for measur-
ing rotation and dispersion in SIGMA is given by the horizontal
dashed lines in the top and middle plots.
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Fig. 6.— The kinematic order (Vrot/σg) of SIGMA galaxies is strongly correlated with stellar mass (M∗; left panel), moderately correlated
with H-band continuum size at fixed a stellar mass (∆Re; middle panel) and weakly correlated with with star-formation rate at fixed stellar
mass (∆ log SFR; right panel). In the 3 panels we show Vrot/σg versus M∗, residuals from the z ∼ 2 SFR-M∗ relation and residuals from
the z ∼ 1.75 and z ∼ 2.25 size-mass relations. The blue and red points represent our low and high redshift subsamples, respectively.
Typical error bars for each quantity are shown in each plot. Galaxies with measured values of Vrot below the spectral resolution limit are
set to the resolution limit and are shown as upper-limit symbols (upside-down triangles).
low mass and high mass regions noted above, we find
that the slope, amplitude and scatter of the full sample is
relatively consistent with the z ∼ 0.2 relation (α = 0.30,
β = 1.93, σrms = 0.14) found in Kassin et al. (2007)
and the local Faber-Jackson relation (α = 0.286, β =
1.965)(Gallazzi et al. 2006).
6. KINEMATIC ORDER VS STAR-FORMATION RATE, SIZE
AND MASS
As discussed in §5, the low mass galaxies in our sample
show the strongest residuals from the TF ridge line and
the lowest values of Vrot/σg. In the settling of disk galax-
ies, massive galaxies are expected to form ordered disks
first, followed later by lower mass galaxies (“kinematic
downsizing”; Kassin et al. 2012). To probe the drivers
of kinematic disturbance at z ∼ 2, we examine the re-
lation between the kinematic order of SIGMA galaxies
(Vrot/σg) and three of their physical properties: star-
formation rate, effective radius and stellar mass. To sep-
arate out the dependance of size and SFR on stellar mass,
we examine deviations from the size-mass and SFR-mass
relations at z ∼ 2. We find that, at fixed stellar mass,
Vrot/σg is only weakly correlated with SFR and mildly
correlated with half-light radius. The strongest correla-
tion is found to be with stellar mass, wherein more mas-
sive galaxies tend to be the most rotationally supported.
We describe these relations in more detail below.
We perform a ranked spearman correlation test to
quantify the association in each relation. The spearman
coefficient (rs) measures the strength of a correlation and
we use the common interpretation: |rs| < 0.15 (very
weak correlation), 0.15 < |rs| < 0.30 (weak/moderate
correlation), 0.30 < |rs| < 0.50 (moderate/strong cor-
relation). The p-value (p) indicates the probability of
uncorrelated data producing the given spearman coeffi-
cient.
In the left panel of Figure 6 we examine the correlation
of Vrot/σg with stellar mass following K12 for z < 1.2.
We note that the trend is the strongest of the three we in-
vestigate, with an increasing trend of Vrot/σg with stellar
mass and a spearman coefficient, rs = 0.39 (p = 0.01).
If we only include the galaxies with detected rotation and
inclination corrections (i.e., filled circles), the trend with
stellar mass strengthens to rs = 0.48 (p < 10
−2).
Next, we examine the departure of our galaxies from
the size-mass relation at z ∼ 2, as parameterized for late
type galaxies in Table 1 of van der Wel et al. 2014a. We
use the z ∼ 1.75 and z ∼ 2.25 size-mass relations for our
low and high redshift bins, respectively. The half-light
size used for these relations is calibrated to rest-frame
5000 A˚ (1.5 µm at z=2) and so we adopt the H-band half-
light radii for comparison. In the middle panel of Figure
6, we present the differences between the half-light radii
of our galaxies and the size-mass relation (∆ Re = Re,gal
- Re,seq.). The intrinsic scatter of the relation is 0.18 and
0.19 dex for both the low and high redshift bins, respec-
tively, consistent with the rms scatter in our sample of
0.19. We note that there is a weak/mild correlation be-
tween Vrot/σg and ∆ Re, as quantified by the spearman
coefficient rs = 0.23 (p = 0.10).
Finally, in the right panel of Figure 6, we examine
the correlation of kinematic order with a galaxy’s de-
parture from the 1.5 < z < 2.6 star-formation main se-
quence (M∗−SFR). If the dispersion-dominated galax-
ies are being disrupted by internal processes associated
with star-formation, we would expect a correlation be-
tween Vrot/σg and the position of a galaxy on the star-
formation main sequence. We adopt the main sequence
fit of Reddy et al. (2012) as parameterized in Speagle et
al. (2014) and adjust to a Chabrier IMF to match with
our sample. This relation is valid over log M∗/M =
8.7 − 11.1, spanning our full mass interval. We find no
strong trend with ∆ log SFR (defined as log SFRgal -
log SFRseq) and Vrot/σg. In other words, at fixed stellar
mass the position of a galaxy above or below the star-
formation main sequence is not related to its internal gas
kinematics. The spearman coefficient between these two
values confirms the lack of a trend, rs = −0.09 (with
p = 0.54).
Combining kinematic measurements at z ∼ 2 from
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Fig. 7.— Kinematic order (Vrot/σg) versus stellar mass for galaxies in SIGMA and from the literature. A model for a marginally stable
disk galaxy at z ∼ 2 is shown as a blue shaded swath. While high mass galaxies fall within this swath, a large fraction of the low mass
galaxies fall below it. High mass galaxies at z ∼ 2 are consistent with the model, implying that they have already formed primitive disks.
In contrast, a large fraction of the low mass galaxies are dispersion dominated (Vrot/σg < 1) and are still in the process of assembling
their disks. We note that the high mass disks are unlike the majority of local disk galaxies at a similar stellar mass, which typically have
values of Vrot/σg of around 10-15.
both the KMOS-3D (Wisnioski et al. 2015) and MOS-
DEF surveys (Kriek et al. 2015), Price et al. 2016 inves-
tigated the trend of V/σg with specific star formation
rate (sSFR = SFR/M∗) and stellar mass, finding a de-
clining and weakly increasing trend respectively. We find
that, when we fix for stellar mass, there is no dependance
on SFR. Instead, the strongest correlation in the SIGMA
sample is with stellar mass alone. If we consider that the
gas mass scales with SFR (Kennicutt 1998; Daddi et al.
2010b), these results would indicate that the kinematic
order of a galaxy is more strongly linked with its mass
than its gas fraction.
7. A TEST FOR STABLE DISKS
In this section we compare our measurements of
Vrot/σg with a model for gas rich marginally stable disks
using the refined Toomre analysis given in Genzel et al.
(2011). We find that high mass galaxies in our sample
are in general agreement with this model, indicating that
they have already assembled primitive disks.
7.1. Model for a stable disk
Galaxies which have already settled to become disks
by z ∼ 2 are gas rich (e.g., Daddi et al. 2010a; Tacconi et
al. 2013) and are expected to be in a marginally stable
(to collapse) equilibrium (e.g., Genzel et al. 2008), regu-
lated by ubiquitous inflows, outflows and star-formation
(Bouche´ et al. 2010; Dave´ et al. 2012). This regulator
model successfully describes the elevated velocity dis-
persions in high redshift gas-rich disks (Wisnioski et al.
2015). Following the work of Genzel et al. (2011) and
Wisnioski et al. (2015), Vrot/σg of the ionized gas in a
marginally stable disk can be estimated from the Toomre
criterion:
Vrot
σg
=
(
a
Qcrit
)(
1
fgas
)
(2)
where a is a constant which is set to
√
2 for a flat rotation
curve, as discussed in Dekel et al. (2009). The quantity
Qcrit is the critical Toomre parameter which, consider-
ing the range of realistic disks, can vary between 0.67
(single-component thick disk; Genzel et al. 2011) and 2.0
(two-component thin disk; Ceverino et al. 2010). The gas
fraction (fgas) can be estimated from the gas depletion
timescale (tdepl = Mmol,gas/SFR) and the specific star-
formation rate (sSFR) as 1/fgas = 1+(tdepl×sSFR)−1.
The gas depletion timescale is relatively constant with
stellar mass at z ∼ 2 and we fix it to tdepl = 7 × 108
yr (Tacconi et al. 2013; Genzel et al. 2015). For our
analysis we adopt the sSFR - M∗ relation at z = 2 from
Whitaker et al. (2014) using the fit in Wisnioski et al.
(2015). Equation 2 is derived assuming that the gravi-
tational force exerted by Mdyn is supported by rotation,
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which is not generally true for our dispersion dominated
systems. This stability analysis would not directly ap-
ply to these galaxies, but we can still compare Vrot/σg
in these systems with our disk model.
7.2. Applying the model to data
In Figure 7 we show Vrot/σg as a function of stel-
lar mass for the galaxies in our sample and additional
publicly available measurements for the following sur-
veys: SINS (Cresci et al. 2009), MASSIV (Vergani et al.
2012), and lensed galaxies from Livermore et al. (2015)
and Jones et al. (2010). The SINS sample is the high
signal-to-noise adaptive optics assisted subset and is rep-
resentative of the most massive and star-forming galaxies
at z ∼ 2. The lensed sample and MASSIV sample are
more generally representative of star-forming galaxies at
these epochs. We use these samples to extend our mass
baseline to logM∗/M = 8 − 11.5 and to illustrate the
consistency of our measurements with those in the liter-
ature.
The expected distribution of Vrot/σg for marginally
stable disks at z ∼ 2 is shown in Figure 7 and follows
from the model described above. This range includes a
characteristic break above logM∗/M ≈ 10.2, due to a
kink in the z ∼ 2 stellar mass sSFR relation.
We find that high mass galaxies (log M∗/M > 10.2)
are in general agreement with the marginally stable disk
model, i.e., high mass galaxies have already assembled
their disks by z ∼ 2. In general these disks are expected
to contain large gas reservoirs which drive violent disk
instabilities and maintain elevated velocity dispersions.
These galaxies are unlike local disks of the same mass,
which have values of Vrot/σg ∼ 10 − 15 as opposed to
Vrot/σg ∼ 2−8. As their gas reservoirs deplete, they are
expected to stabilize and form well-ordered disks (Wis-
nioski et al. 2015).
Below a stellar mass of log M∗/M ≈ 10.2 we
find the common occurrence of systems which are dis-
persion dominated and/or marginally rotationally sup-
ported (Vrot/σg . 1). For comparison, the most disper-
sion dominated system expected from the disk model is
Vrot/σg = 0.7 (fgas = 1, Qcrit = 2 in Eq 2). Galaxies
with lower Vrot/σg would be considered globally stable
to gas collapse (Q > Qcrit), even as they are obviously
forming stars. Although gas-rich disks with high veloc-
ity dispersion are expected at z ∼ 2, a large fraction of
our low mass sample cannot be described by this simple
model for marginally stable disks.
8. CONCLUSIONS
We present the first results of SIGMA (Survey in the
near-Infrared of Galaxies with Multiple position Angles),
a kinematic survey of 49 star-forming galaxies over 1.3
< z < 3.0 in three of the CANDELS fields. SIGMA is
representative of the z ∼ 2 star-formation main sequence
to log M∗/M = 9.2 at z ∼ 1.6 and log M∗/M = 9.6 at
z ∼ 2.3, and includes galaxies with both disk and irregu-
lar morphologies. Internal kinematics (rotation velocity
Vrot and gas velocity dispersion σg) are measured from
resolved rest-optical nebular emission lines (Hα, [O iii]λ
5007) in Keck/MOSFIRE NIR spectra.
We find that high mass galaxies (log M∗/M > 10.2)
at z ∼ 2 are generally rotationally supported, fall on the
TF relation, and have formed primitive disks with high
σg. These marginally stable disks are expected to de-
cline in σg with time as they deplete their gas supply
(Wisnioski et al. 2015). In contrast, a large fraction of
low mass galaxies (log M∗/M < 10.2) at this epoch are
in the early phases of assembling their disks. They have
much lower “kinematic order” (Vrot . σg) and tend to
fall to low Vrot from the Tully-Fisher relation. For per-
spective, these results imply that a Milky-Way progeni-
tor at z ∼ 2 (log M∗/M ≈ 9.8; Papovich et al. 2015) is
likely still in the process of forming a disk. Combining
both Vrot and σg in S0.5, all of the galaxies in SIGMA fall
on the S0.5 Tully-Fisher relation, indicating that many
galaxies at low mass have strong contributions of kine-
matic support in the form of σg. Following Kassin et al.
(2012) at z < 1, the tendency for high mass galaxies to
develop disks first is referred to as “kinematic downsiz-
ing”, and these results imply that it is in place at z ∼ 2.
To gain insight into the underlying drivers of kine-
matic disruption, we explore the dependance of Vrot/σg
on three physical parameters of galaxies: size, star-
formation rate and stellar mass. We find that the
strongest trend is with stellar mass, wherein high mass
galaxies have the strongest rotational support (i.e., high-
est values of Vrot/σg). We examine the relation between
Vrot/σg and residuals from the star-formation main se-
quence and we find no correlation, to within the un-
certainties of our measurements. Given that the star-
formation rate is likely tracing the available gas mass
(Daddi et al. 2010b), our results imply that mass may
be more fundamental than gas fraction in determining
kinematic order. Finally, we find a moderate correlation
between Vrot/σg and size, likely associated with the in-
creased angular momentum of the rotationally supported
systems. The strong trend between Vrot/σg and mass
and the lack of a correlation with SFR at fixed mass
implies that the processes that maintain σg in galaxies
should be most efficient at low stellar mass and should
be independent on gas fraction.
Several processes which disrupt disk galaxies are active
at z ∼ 2, associated with elevated star-formation (Madau
& Dickinson 2014) and rising merger rates (Rodriguez-
Gomez et al. 2015). Several of these mechanisms may
play a role in preferentially stalling disk formation in low
mass galaxies. Feedback through stellar winds and su-
pernovae can effectively blow out gas and dynamically
heat stars in low mass dwarf galaxies (. 109.5M; e.g,
Wheeler et al. 2015; El-Badry et al. 2016). We note
that we find no trend between Vrot/σg and SFR at
fixed mass among the galaxies studied in this sample
(9.2 < logM∗/M < 11), indicating that such feedback
mechanisms may only assume a secondary role in disturb-
ing the gas kinematics in these galaxies. Mergers play a
complicated role in shaping the angular momentum con-
tent of disk galaxies. Models (e.g., Governato et al. 2009;
Hopkins et al. 2009) and observations (e.g., Hammer et
al. 2005, 2009) indicate that gas-rich disks can survive
major mergers, albeit with thick disks and perturbed
kinematics. Examining mock observations from a suite
of simulated galaxy mergers, Covington et al. (2010) find
that merger remnants tend to scatter to low Vrot from
the TFR, similar to the low mass galaxies in our sam-
ple. Although several channels exist for stalling (and
promoting) disk formation, it is as of yet unclear what
the dominate processes are in maintaining the elevated
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kinematic disturbance we observe in low mass galaxies
at this epoch.
In summary, we find that kinematic downsizing is ac-
tive as far back in time as z ∼ 2. While massive star-
forming galaxies (log M∗ > 10.2) appear to have assem-
bled primitive rotating disks by this time (consistent with
e.g., Genzel et al. 2006; Fo¨rster Schreiber et al. 2006;
Genzel et al. 2008; Shapiro et al. 2008; Fo¨rster Schreiber
et al. 2009; Swinbank et al. 2011; Law et al. 2012; Wis-
nioski et al. 2015; Price et al. 2016), low mass galaxies
tend to be more kinematically disordered and still in the
early process of assembling their disks. The peak of cos-
mic star-formation is coincident with the epoch of disk
assembly for low mass galaxies and the settling of prim-
itive disks in high mass galaxies.
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Fig. 8.— Our models demonstrate that galaxy kinematics in SIGMA can be measured down to a size of D50 = 0.8 × SeeingFWHM ,
where D50 is the intrinsic half-light diameter and SeeingFWHM is the full width at half maximum of the seeing during the observations.
These plots show mock observations of a model galaxy at varying intrinsic sizes, the points show the mean and rms scatter from 100
realizations at each size interval. The model is a rotation dominated galaxy with Vrot = 100 km s−1 and σg = 50 km s−1, marked by the
dashed line, and the emission line profile is a Sersic with an index of n = 2. The correct values of Vrot (left panel) and σg (right panel)
are recovered (red circles) for mock observations with intrinsic sizes D50 > 0.8 × SeeingFWHM . We find a systematic drop in Vrot and a
slight increase in σg for models that have sizes smaller than this value and are unresolved (black x’s).
APPENDIX
MODELING THE EFFECTS OF SIZE
In this Appendix, we perform mock observations of simulated SIGMA spectra in order to determine the limiting
spatial scale from which we can recover rotation velocity, if present, in our observations. We find that we can recover
kinematics down to a limit of D50/SeeingFWHM = 0.8. In §2, we apply this limit to our data set.
The spectra presented in this paper were observed in seeing limited conditions, and as such the effects of beam
smearing (Begeman 1987) are important to understand. Seeing tends to blur together spatially distinct velocities,
leading to a decreased rotation signature and an elevated velocity dispersion. To explore the effective resolution set
by beam smearing in SIGMA, we create a set of model spectra with various sizes and fixed kinematic parameters. As
described below, we perform mock observations of the kinematics for these spectra and explore how the results vary
with size. Our model for a single mock SIGMA/MOSFIRE spectrum consists of first creating a 1D emission line with
a Sersic intensity profile:
Σ(r) = Σee
−k[(r/Re)1/n−1] (A1)
where Re is the half-light radius, Σe is the intensity at the half-light radius, n is the sersic index and k is a numerical
constant that depends on n (k = 2n − 0.3271). We set n = 1.8, characteristic of the emission line intensity profile
for galaxies at this redshift (Nelson et al. 2015). We then draw from an appropriate error spectrum to set the central
signal-to-noise per pixel to 15, typical of SIGMA spectra. The final integrated S/N of these simulated spectra are
well-matched to our sample. Next, we apply an arctan velocity profile (see Eq 1) and a constant velocity dispersion to
the emission line. We fix the rotation velocity to 100 km s−1 and the velocity dispersion to 50 km s−1, characteristic
of z ∼ 2 disk galaxies. We then apply a seeing kernel of 0.7” in the spatial direction and MOSFIRE instrumental
broadening (σinst = 40 km s
−1) in the spectral direction. Following the seeing convolution, the emission profile is well
described by a gaussian (n = 0.5). We repeat this process 100 times, redrawing from the error spectrum each time to
create independent realizations with the same fixed parameters. We then vary the effective radius of the emission line
from 0.1 - 0.7 ′′ in 30 even steps of 0.02′′/step. At each step we again simulate 100 realizations with the same fixed
properties. The final dataset contains 3000 simulated SIGMA spectra.
To measure the kinematics from the mock spectra, we run the same fitting technique used for our observations
(ROTCURVE). For each spatial scale modeled, we measure 100 values of Vrot and σg and examine their mean and
variance. The results of this study are shown in Figure 8. The rotation velocity is well recovered with an intrinsic error
of ∼ 15 km s−1. For simulated spectra with effective diameter at or greater than the seeing, we accurately recover the
input rotation and dispersion. Below a value of D50/SeeingFWHM = 0.8, the limiting spatial resolution drastically
affects the recovered values of Vrot and σg. There is both a larger uncertainty in the measurements and a systematic
decline in the measured rotation velocity. Based on the results of these models, we determine that the spatial scale
for recovering kinematics in our observations is diameter D50 > 0.8 × SeeingFWHM . Above this value we can reliably
recover rotational motion, if present.
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TABLE 1
SIGMA - Observational and Physical Properties
ID RA (J2000) DEC (J2000) zspec mH (AB) logM∗ (M) logSFR (M yr−1) (b/a)H
5492 03 32 41.78 −27 51 35.28 1.67 22.51 10.39 1.95 0.57
14602 03 32 14.66 −27 47 02.70 1.73 22.37 10.18 1.44 0.91
16209 03 32 15.82 −27 46 22.36 1.33 23.47 9.36 0.23 0.34
16600 03 32 30.71 −27 46 17.17 1.31 21.20 10.51 1.59 0.70
16905 03 32 15.75 −27 46 04.32 1.54 22.15 10.13 2.05 0.32
17488 03 32 20.18 −27 45 49.31 1.61 23.16 9.46 1.15 0.41
17673 03 32 33.86 −27 45 42.65 1.62 22.69 10.05 1.68 0.85
18177 03 32 12.48 −27 45 30.42 1.38 22.03 10.19 1.57 0.41
19818 03 32 18.07 −27 44 33.44 1.38 22.43 9.23 1.31 0.81
20495 03 32 11.86 −27 44 13.38 1.33 21.30 10.43 1.69 0.78
20569 03 32 29.19 −27 44 13.21 1.47 23.89 9.24 1.44 0.49
20593 03 32 12.77 −27 44 07.77 1.61 23.13 10.26 1.49 0.29
20883 03 32 26.77 −27 43 58.22 1.61 23.43 9.88 1.14 0.51
21007 03 32 31.83 −27 43 56.26 1.55 21.80 10.67 1.55 0.81
21162 03 32 23.95 −27 43 49.09 1.31 22.16 9.79 1.02 0.87
21258 03 32 30.75 −27 43 45.34 1.43 23.17 9.37 0.93 0.33
21737 03 32 30.14 −27 43 35.44 1.60 22.55 10.20 1.08 0.69
21897 03 32 34.08 −27 43 28.43 1.60 22.44 9.82 1.51 0.42
22236 03 32 26.19 −27 43 17.38 1.61 23.09 9.61 1.03 0.49
22354 03 32 13.66 −27 43 13.08 1.47 22.45 9.67 1.28 0.91
22783 03 32 26.30 −27 43 01.89 1.55 23.11 9.83 0.71 0.46
23095 03 32 38.50 −27 42 27.89 1.61 21.93 10.39 1.65 0.76
23632 03 32 28.13 −27 42 48.27 1.61 23.35 9.45 1.01 0.33
25715 03 32 22.72 −27 41 40.74 1.61 22.12 10.34 1.60 0.96
25973 03 32 26.08 −27 41 38.49 1.54 22.74 9.84 0.92 0.62
26050 03 32 13.89 −27 41 58.29 1.32 22.57 9.64 1.78 0.24
26177 03 32 27.28 −27 42 05.20 1.61 21.11 10.65 1.73 0.91
26736 03 32 26.41 −27 42 28.30 1.61 22.21 10.18 2.09 0.49
1826 12 36 18.78 +62 08 39.70 2.30 23.03 9.79 1.12 0.32
2815 12 36 35.56 +62 09 20.33 2.36 23.26 9.71 1.11 0.66
4106 12 36 39.37 +62 10 06.60 2.35 22.40 10.65 1.58 0.31
4476 12 36 13.13 +62 10 21.11 2.24 23.50 9.89 0.95 0.27
4714 12 36 36.08 +62 10 29.90 2.31 23.01 10.17 1.03 0.83
4925 12 36 11.51 +62 10 33.72 2.25 22.52 10.92 1.73 0.72
4962 12 36 18.77 +62 10 37.28 2.27 23.56 9.68 1.12 0.59
9157 12 36 13.56 +62 12 21.58 2.44 23.13 9.90 1.75 0.48
9190 12 36 18.27 +62 12 22.18 2.44 23.38 9.85 1.13 0.89
10230 12 37 06.71 +62 12 44.61 2.21 23.23 10.21 0.94 0.17
11525 12 36 26.94 +62 13 17.86 2.40 23.91 9.48 2.11 0.42
13230 12 36 09.05 +62 13 59.03 2.05 24.83 9.96 1.19 0.37
13678 12 36 44.08 +62 14 10.10 2.27 26.53 9.66 0.82 0.41
14428 12 36 35.59 +62 14 24.01 2.02 25.47 11.79 3.61 0.86
15497 12 36 21.74 +62 14 52.85 2.21 26.28 10.06 1.14 0.76
16028 12 36 51.82 +62 15 04.72 2.19 26.38 10.76 1.00 0.76
16260 12 37 00.46 +62 15 08.86 2.33 24.82 10.92 1.14 0.77
10404 02 17 35.93 −05 13 05.20 2.31 22.92 10.04 1.55 0.51
12138 02 17 48.89 −05 12 30.38 2.25 23.26 9.98 1.24 0.28
14004 02 17 30.72 −05 11 56.22 2.39 23.25 10.46 1.54 0.57
14042 02 17 32.78 −05 11 55.93 2.15 22.65 9.97 1.52 0.27
Note. — Observational measurements and derived physical properties for the SIGMA galaxy sample. The galaxy ID, RA (J2000)
and DEC (J2000) are matched with the publicly available CANDELS catalogs in Galametz et al. (2013); Guo et al. (2013). The H-band
magnitude (mH) and axis ratio (b/a) are adopted from the GALFIT measurements on the HST/WFC3 F160W CANDELS image in van
der Wel et al. (2012). The stellar mass (M∗) and star-formation rate (SFR) are derived from the full galaxy SED, as described in §3.2.
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TABLE 2
SIGMA - Observational and Kinematic Properties
ID Nslits PAphot(
◦) PAslit(◦) ∆PA rv(′′) V × sin i Vrot (km s−1) σg (km s−1)
5492 1 65.0 ± 0.7 34.5 30.5 0.2 10 ± 30 11 ± 35 45 ± 14
14602 1 −11.7 ± 0.7 19.0 30.7 0.2 25 ± 37 59 ± 87 85 ± 23
16209 2 9.4 ± 1.3 19.0 9.6 0.2 65 ± 28 67 ± 29 86 ± 22
16600 2 7.0 ± 0.2 10.0 3.0 0.2 171 ± 23 234 ± 31 35 ± 35
16905 3 −87.0 ± 0.3 -56.0 31.0 0.4 131 ± 63 135 ± 65 80 ± 24
17488 2 17.4 ± 1.8 19.0 1.6 0.2 5 ± 14 5 ± 15 45 ± 5
17673 1 −2.8 ± 0.6 8.0 10.8 0.2 44 ± 20 81 ± 37 35 ± 15
18177 2 83.1 ± 0.4 56.0 27.1 0.4 161 ± 50 172 ± 53 90 ± 26
19818 2 −86.6 ± 1.4 56.0 37.4 0.3 24 ± 21 40 ± 35 80 ± 13
20495 3 74.1 ± 0.3 56.0 18.1 0.4 120 ± 27 187 ± 42 65 ± 22
20569 1 22.5 ± 1.8 8.0 14.5 0.2 31 ± 27 34 ± 30 36 ± 15
20593 2 34.1 ± 0.9 19.0 15.1 0.4 130 ± 44 133 ± 45 49 ± 26
20883 1 29.8 ± 2.1 8.0 21.8 0.2 51 ± 36 58 ± 41 89 ± 14
21007 5 −59.5 ± 0.4 117.0 3.5 0.2 136 ± 24 227 ± 40 39 ± 40
21162 3 −82.7 ± 0.7 19.0 78.3 0.2 52 ± 19 — 80 ± 6
21258 3 −52.7 ± 1.4 117.0 10.3 0.4 101 ± 78 104 ± 80 55 ± 38
21737 1 −19.6 ± 0.6 8.0 27.6 0.2 157 ± 29 212 ± 39 30 ± 31
21897 2 −24.5 ± 0.7 120.5 35.0 0.2 136 ± 20 146 ± 21 55 ± 17
22236 2 −15.7 ± 1.5 19.0 34.7 0.2 110 ± 32 123 ± 35 50 ± 23
22354 2 36.0 ± 0.7 19.0 17.0 0.2 56 ± 20 132 ± 47 30 ± 20
22783 1 32.1 ± 1.5 10.0 22.1 0.2 5 ± 38 5 ± 41 40 ± 16
23095 2 −70.9 ± 0.5 120.5 11.4 0.2 200 ± 42 301 ± 63 34 ± 36
23632 2 88.3 ± 1.2 78.5 9.8 0.2 34 ± 18 35 ± 18 39 ± 8
25715 1 −39.7 ± 0.9 120.5 19.8 0.2 75 ± 43 262 ± 150 109 ± 23
25973 3 33.0 ± 0.8 19.0 14.0 0.2 79 ± 21 98 ± 26 40 ± 15
26050 1 −53.0 ± 0.6 117.0 10.0 0.3 222 ± 33 224 ± 33 50 ± 24
26177 2 −20.1 ± 0.2 120.5 39.4 0.2 74 ± 18 174 ± 42 45 ± 13
26736 2 −35.2 ± 0.5 -10.0 25.2 0.2 242 ± 35 272 ± 39 75 ± 42
1826 1 −11.7 ± 1.2 32.0 43.7 0.3 30 ± 30 31 ± 31 49 ± 12
2815 2 −12.8 ± 3.4 32.0 44.8 0.3 29 ± 40 37 ± 52 64 ± 12
4106 2 −29.5 ± 0.4 32.0 61.5 0.3 82 ± 64 — 129 ± 25
4476 1 68.0 ± 2.4 106.9 38.9 0.3 90 ± 37 91 ± 37 60 ± 25
4714 1 −47.9 ± 1.2 106.9 25.2 0.3 68 ± 38 119 ± 66 84 ± 30
4925 3 −29.0 ± 1.2 -21.5 7.5 0.2 318 ± 35 448 ± 49 25 ± 61
4962 3 24.9 ± 3.9 32.0 7.1 0.2 124 ± 25 150 ± 30 55 ± 20
9157 3 14.6 ± 0.8 106.9 87.7 0.3 64 ± 22 — 85 ± 15
9190 3 −84.2 ± 1.6 32.0 63.8 0.2 21 ± 28 — 36 ± 18
10230 1 −8.3 ± 7.7 -53.0 44.7 0.3 50 ± 26 50 ± 26 45 ± 20
11525 2 44.7 ± 2.7 32.0 12.7 0.2 256 ± 32 276 ± 34 10 ± 52
13230 1 22.1 ± 18.5 -21.5 43.6 0.3 10 ± 22 10 ± 23 75 ± 7
13678 1 −34.9 ± 0.2 -53.0 18.1 0.3 60 ± 25 64 ± 26 61 ± 8
14428 1 −68.3 ± 5.6 -53.0 15.3 0.2 82 ± 24 157 ± 46 71 ± 14
15497 1 7.9 ± 21.9 32.0 24.1 0.2 49 ± 31 73 ± 46 54 ± 20
16028 1 −71.4 ± 5.8 -53.0 18.4 0.2 203 ± 36 306 ± 54 110 ± 36
16260 1 −63.0 ± 10.3 -53.0 10.0 0.2 200 ± 48 307 ± 73 85 ± 51
10404 1 52.2 ± 1.8 -297.0 10.8 0.2 100 ± 33 114 ± 37 74 ± 14
12138 1 67.3 ± 1.9 -297.0 4.3 0.1 46 ± 17 46 ± 17 55 ± 10
14004 1 40.6 ± 1.3 -297.0 22.4 0.2 248 ± 68 296 ± 81 15 ± 83
14042 1 34.9 ± 0.9 -297.0 28.1 0.3 50 ± 26 50 ± 26 70 ± 8
Note. — The observational parameters and best-fit kinematic properties for the SIGMA galaxy sample. Nslits is the number of spectra
in the full SIGMA sample. ∆PA is the difference in position angle between the H-band continuum (PAphot) and the Keck/MOSFIRE slit
selected for this paper (i.e., the slit with the maximum rotation signature; PAslit). rv is the fixed turnover radius of the rotation curve
model. V × sin i is measured from the flat part of the best-fit rotation curve and Vrot is the inclination corrected rotation velocity. σg is
the best-fit gas velocity dispersion and is assumed constant across the face of the galaxy.
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Fig. 9.— Kinematic fits are presented for the full sample in this paper. Galaxies are ordered from largest to smallest rotation signature.
In the top row, we show the CANDELS I+H-Band HST/ACS-WFC3 color image with the placements of the MOSFIRE slits and the
GALFIT best-fit half-light ellipse from the H-band image. The solid slit has been adopted for this paper. The Keck/MOSFIRE spectrum
of the solid slit, centered around [O iii]λ5007 or Hα, is shown in the second row. The typical seeing FWHM for these observations is 0.6′′.
The best-fit velocity and velocity dispersion models are shown as red solid lines and the intrinsic models are shown as blue dashed lines.
The black filled diamonds represent the gaussian fits to the velocity and velocity dispersion in each row and the grey points are discarded
fits. All of the rows are spatially aligned and each panel is 4.5′′ on a side.
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Fig. 10.— Continuation of Figure 9.
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Fig. 11.— Continuation of Figure 9.
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Fig. 12.— Continuation of Figure 9.
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Fig. 13.— Continuation of Figure 9.
